Recently, we have reported that polyampholytes, synthesized from free radical copolymerization of anionic monomer and cationic monomer, form physical hydrogels of high toughness and self-healing. The random distribution of the opposite charges forms ionic bonds of a wide distribution of strength. The strong bonds serve as permanent crosslinks, imparting elasticity, whereas the weak bonds serves as reversible sacrificial bonds by breaking and re-forming to dissipate energy. In this work, we focus on the rupture behaviors of the polyampholyte physical hydrogel, P(NaSS-co-MPTC), copolymerized from sodium p-styrenesulfonate (NaSS) and 3-(methacryloylamino)propyl-trimethylammonium chloride (MPTC). Tensile test and pure shear test were performed at various stretch rates in the viscoelastic responses region of the material. Tensile test showed yielding, strain softening, and strain hardening, revealing the dually cross-linked feature of the gel. Pure shear test showed crack blunting at the notched tip, and a large yielding zone with butterfly-shaped birefringence pattern ahead of the crack tip. After blunting, crack advanced at steady-state velocity with a constant angle. The conditions for the occurrence of crack blunting and variables governing the crack advancing angle are discussed. We found that even for these highly stretchable samples, significant blunting only occurs when the tensile fracture stress σ f is larger than modulus E by a factor of about two, in consistent with Hui's theoretical prediction for elastic materials. The crack advancing angle θ was found to be proportional to σ y /E over a wide stretch rate range, where σ y is the yielding stress. In addition, the fracture energy was correlated to small strain modulus by a power law in the viscoelastic response region. This systematic study will merit revealing the fracture mechanism of 3 tough viscoelastic materials including biological tissues and recently developed tough and highly stretchable hydrogels.
Introduction
Hydrogels are three-dimensional networks composed of crosslinked macromolecules and abundant water, belonged to soft & wet material. Based on some similarities to biological tissues, for example their soft and hydrated form, hydrogels have drawn great attention as synthetic equivalents for use in biological systems. [1] [2] However, the scope of hydrogel applications is often severely limited by their mechanical weakness and brittleness.
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Studying of the fracture behavior of the polyampholyte hydrogels should help us to clarify the toughening mechanism of the viscoelastic and highly stretchable materials. In this study, we systematically studied the fracture behaviors of a polyampholyte system poly(NaSS-co-MPTC) copolymerized from anionic monomer sodium p-styrenesulfonate (NaSS) and cationic monomer 3-(methacryloylamino)propyl-trimethylammonium chloride (MPTC). According to our previous report, this system has a water content of 52 wt%, a softening temperature at 48.2°C. 15 Furthermore, around room temperature (24.1°C), the dynamic shear modulus G' follows a power law with the frequency f as G'~ f 0.32 in the frequency range (10 -3 -10 0 Hz), and the loss factor tanδ has a broad peak around 0.05 Hz, which gives a characteristic relaxation time τ w = 1/(0.05x2π)≃3s. 15 This time is considered as the average bond exchange time of the weak bonds.
In this paper, we first present the tensile behaviors at various stretch rates, in the range below and close to the inverse of the weak bonds relaxation time τ w . Strain softening at intermediate deformation and strain-hardening at large deformation were clearly observed in the Mooney plot, which demonstrates the dually cross-linked feature of the gel in the observation time scale. Interestingly, we also observed a master curve of reduced stress vs time at various stretch rates, similar to that reported by Mayumi et al. 18 Then, we adopted a classical pure shear test to observe the crack morphology change and to measure the crack advancing resistance at different stretch rates. Fracture energy exhibits notable dependence on the stretch rate. In-situ observation of detailed fracture behavior of this hydrogel undergoing different stretch rates was performed by using a pair of polarized optical films. Blunting of the crack tip and large yielding zone with the butterfly-shaped birefringence pattern were observed around the crack tip. Finally, we discuss the conditions for the occurrence of crack blunting and variables governing the crack advancing angle. Significant blunting was found to occur when the tensile fracture stress σ f is larger than modulus E by a factor of about two, in consistent with Hui's theoretical prediction for elastic materials. 19 The quantity θE/σ y was found to be independent of the stretch rate over a wide range, indicating that θ is proportional to σ y /E, where σ y is the yielding stress. In addition, the small strain modulus and the fracture energy are correlated by a power law in the viscoelastic response region where blunting occurs. This systematic study will merit revealing the fracture mechanism of tough viscoelastic materials including biological tissues and recently developed tough and highly stretchable hydrogels.
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Experiment section

Materials
Commercially available anionic monomer, sodium p-styrenesulfonate (NaSS); cationic monomer, 3-(methacryloylamino)propyl-trimethylammonium chloride (MPTC); UV initiator, α-ketoglutaric acid; and NaCl are all purchased from Wako Pure Chemical Industries, Ltd. and used as received. Millipore de-ionized water is used in all of the experiments.
Synthesis of polyampholyte physical hydrogels
Polyampholyte physical hydrogels are synthesized using the one-step free radical copolymerization of the anionic monomer and the cationic monomer, according to the method described in our previous reports. 15, 20 Briefly, A mixed aqueous solution of total C m ), and 0.5 M NaCl (used to control the ion strength) was injected into a reaction cell (10 cm ×10 cm) consisting of a pair of glass plates with a 1 mm silicone spacer. The polymerization was carried out in argon atmosphere in which the oxygen concentration was less than 0.1 ppm by irradiating with 365 nm UV light (UVPlampXX-15BLB, light intensity ~ 4mW/cm 2 ) from both sides for 8 hours. After polymerization, the hydrogels were immersed in a large amount of water for 1 week to reach equilibrium, and the water was changed every day. During this process, the hydrogels shrank due to formation of ion bonds between the opposite charges on the polymer and their mobile counter ions were dialyzed from the hydrogels. After reaching the equilibrium state in water, the hydrogel thickness changed from 1mm in the as-prepared state to 0.85 mm in water. The water content of the hydrogel at the equilibrium was 52 wt%.
Characterization of hydrogels
Tensile test. The tensile test was carried out on dumbbell-shaped samples with the standard JIS-K6251-7 size (35 mm (L) × 2 mm (w) × 0.85 mm (d)) using a commercial tensile tester (Tensilon RTC-1310A, Orientec Co.). The initial distance L 0 between the two clamps of the tester was 12 mm and the tensile deformation was performed at a series stretch velocities v from 1 to 500 mm/min., which gives the stretch rate ̇ =v/L 0 from 0.0014 to 0.7 s -1 . This stretch rate range corresponds to τ w =0.004~2.1. The nominal stress σ was estimated from the stretch force divided by the cross-section area of the undeformed sample. The strain ε was estimated from the clamp displacement divided by L 0 .The Young's modulus E was estimated as the slope of the stress-strain curve within a strain range of ε=0.03-0.1. The yield stress, σ y, was obtained at which the tangent modulus dσ/dε changes at the greatest rate with respect to increasing strain. The values of all the mechanical properties were calculated as averages for at least three specimens. All of the measurements were performed in a water bath made from a transparent box at about 25 °C except specified.
Pure shear test.
A pure shear test was performed using the above tensile tester at a series stretch velocities from 1 to 500 mm/min, following the method established in references. 13, 21 Two different samples, single-edge notched (pre-crack) and unnotched, were used to measure the fracture energy Г. The samples were cut into a rectangular shape with a width of 20 mm and length 40 mm (a 0 ). An initial notch of 10 mm (a) in length was cut using a razor blade. The test piece was clamped on two sides, and the distance between the two clamps was fixed at 8 mm (L 0 ). This gives stretch rate ̇ =v/L 0 from 0.002 to1.04 s -1 , higher than that of the tensile test by a factor of 3/2 at the same tensile velocity. The force-displacement curves of the samples were recorded, and the fracture energy Г was calculated from
where b 0 was the sample thickness (0.85 mm), U(L c1 ) is the work done by the applied force to the unnotched sample at the critical stretching displacement L c1 of the moving clamp, where L c1 is the displacement at which the crack growth initiates in the notched sample. The onset of the crack growth was determined using the movie image recorded by a video camera. The crack growth velocities as a function of displacement at various stretch velocities were obtained by carefully analysing the movies during crack growth.
All of the experiments were also carried out in the transparent water bath at about 25 °C.
In order to tune the strength of the ionic bonds, we also changed the temperatures (5, 10, 15°C) and the ionic strength of the bath solution (0.01, 0.05, 0.154, 0.3, 0.5 M). For the latter test, the hydrogels are equilibrated in these solutions for one week, and then the test was performed at a fixed stretch rate of 0.2 s -1 . The volume change of the sample in these two sets of experiment was almost negligible.
Besides, two control tests for samples at high stiffness and brittleness state were performed. One was using a sample quenched at low temperature (5 o C) and tested at fast stretch velocity 500 mm/min (stretch rate 1.04 s -1 ). The other was using a partially dehydrated sample with water content 26wt% and tested at stretch rate 0.2 s -1 in 25°C.
For these samples, the observation time was selected to be much shorter than the bond exchange time.
In-situ observation of deformation and fracture. To observe the stress distribution during deformation and fracture, a home-made circular polarizing optical system was combined with the tensile tester both in tensile test and pure shear test (Figure 1 ). Two pieces of circular polarizer films were fixed, respectively, on the front and back surfaces of the transparent water bath box. A white lamp and a video camera were installed in front side and back side of the box, respectively. The video camera recorded the shape and isochromatic images of the samples during test. The optical retardation change of the samples during the tensile test was estimated by comparing the birefringence colors with a Michel-Levy chart. [22] [23] This simple method tells, roughly, the stress distribution of the samples during deformation.
Results
Uniaxial tensile behaviors
To ascertain the nonlinear and viscoelastic behaviors of the polyampholyte hydrogels at large deformation, we performed uniaxial stretching experiments at various stretch rates, and the tensile stress-strain curves (nominal stress σ vs nominal strain ε) are plotted in by Δn= r/(b 0 / √λ). Here, b o is the sample thickness at undeformed state, λ=ε+1 the stretch ratio, and we assume the hydrogel is incompressible. The Δn as a function of strain ε are plotted in Figure S1b . As a result of strong molecular interaction in the polyampholyte gels, the birefringence almost linearly increased with the increase of strain ε, even at very small strain. This is quite different from common highly stretchable hydrogels that the birefringence only starts to appear at relatively large strain. 24 The true stress σ t against the strain ε is also shown in Figure S1b , where σ t is obtained from the nominal stress σ by σ t = λσ. The true stress showed a slight strain weakening above ε=0.5. As a result, the birefringence-true stress plot shows two linear regions with a reflection point at birefringence Δn=0.003, corresponding to strain ε =1.5 ( Figure S1c ). 
Pure shear behaviors
To clearly evaluate the fracture toughness and fracture behaviors of hydrogels, the classical pure shear test for measuring fracture energy of soft materials is performed. 21, 25 The geometry of notched sample for pure shear test, and force-displacement curves for both notched and un-notched samples at various stretch rates are shown in Figure 3a -c.
The yielding stress of unnotched samples exhibits strong stretch rate dependence, in agreement with the behaviour observed in tensile test (Figure 2a) , while the elongation at breaking of samples is almost insensitive to the stretch rate, which is quite different from the tensile test. Thus, the geometry of the measurement substantially influences the mechanical behaviours at large deformation. The fracture energy Г calculated by Eq. 1
shows a power-law relation with the stretch rate as Г~̇ 0.21 (Figure 3d ). The higher stretch rate results in higher fracture energy dissipation of samples. With the change of the stretch rate from 0.002 to 1.04 s -1 , the fracture energy increases from 860 to 3100 J/m 2 . This fracture energy Г contains both the energy for mechanical dissipation in regions around the crack due to viscoelasticity and the intrinsic fracture energy required to break polymer chains or the chain association lying across the crack plane.
Unique crack shape evolution and crack advance were observed during the pure shear test.
As typical example, the force-displacement curve and isochromatic images of a notched hydrogel testing at strain rate of 0.02 s -1 were shown in Figure 4a and 4b, respectively.
The movie is available in SI (Movie S2). From starting point of stretch (A) to yielding point (C), the stress gradually concentrated at the notched tip, as revealed by the notable isochromatic images, and the crack did not advance. The notched tip showed an obvious crack blunting behavior at B. The blunting developed with the further increase of the strain, and the stress around the semi-circular shaped crack remained the same level, as revealed by the isochromatic images from C to E. With the further increase of the displacement, a small triangle was observed in the middle of the blunting circular arc at F (schematic image of Figure 4c ). In accompanying with this shape change, the stress at the notched tip increased sharply, as observed by the color of the isochromatic image.
From F, the crack started to advance with the increase of the displacement, accompanying a strong stress concentration pattern at the tip of crack (F). Beyond F, the crack advanced in steady-state with a constant triangle shape. After H, the free edge effect came into play and the crack growth was accelerated, as shown by the merging of stress concentration pattern at the crack tip with that of free edge. Figure 4c shows illustrations of crack shape at various stages.
The angle θ at the crack tip after forming triangle was analyzed. As shown in Figure 4a , when the crack grew at a steady velocity in phase with the stretch velocity (F to H), θ almost kept a constant value at 115°. The isochromatic patterns indicate that the stress at the crack tip was almost constant. After I, the un-notched edge became very close to the crack tip. As a result, the angle of crack tip decreased sharply. In sequent, a secondary angle was formed (J) and the angle increased rapidly in accompany with the rapid decrease in the stress (K) until sample fracture. The crack advance velocity v crack as a function of displacement is also shown in Figure   4a . When the crack started to growth at F, the crack velocity increased with the displacement and then reached at a constant value a little beyond F. After H, the crack growth is an accelerated process, influenced by the un-notched free edge. These behaviors are well in agreement with the changes in the angle of the crack and the stress distribution around the crack.
According to the stress distribution during test, the sample in steady-state crack growth can be divided into four different strain regions as shown in Figure 4b -Image G. Region I is undeformed region in which the stress can be ignored because of the presence of crack. Region II around the crack tip has a complicated stress field. Ordinal interference color from far to near around the crack tip and a butterfly-shaped stress concentration zone perpendicular to the crack tip can be observed. The latter indicates that this region suffers a shearing yielding under plane strain and plane stress. 26 This shear yielding of material absorbs a lot of energy and retards the propagation of crack. Therefore, this kind of material shows high toughness. Such kind of butterfly-shaped pattern usual can be found in tough plastic or polymer elastomers but few found in hydrogels. 19, 27 Region III that is far from the crack tip is the pure shear zone with uniform interference color.
Region IV is force free edge zone that slightly deviates from the pure shear state.
Stretch velocity effect on fracture behavior
Considering the strong viscoelastic nature of the polyampholyte hydrogels, we further analysed the effect of stretch velocity on the crack blunting and growth process of the gel. growth shifted to small value with increasing stretch rate. Similar stretch rate effect was also observed for the onset of the steady-state crack growth, which also showed a shift of λ c2 to small value with increasing stretch rate. On the other hand, the onset of the third stage is independent on the stretch rate and all occurred at λ c3 =2.7. The latter result confirms that the third stage is due to the influence of the unnotched edge, in agreement with the result in Figure 4b . The crack growth velocity at the second steady-state stage was almost equal to the corresponding stretch velocity (Figure 5c ). It was confirmed that when the stretching at this stage was stopped, the crack growth also stopped instantly.
This is different to brittle hydrogels that the crack will spontaneously propagate above a critical strain. 25 While at the third stage, the crack propagation also stopped but with delay when the stretching was stopped to increase. 
Discussion
Blunting condition. The blunting of a highly stretchable soft material with non-linear mechanical behaviour is not well understood yet. Some studies has revealed that the crack blunting of pre-crack samples occurs when the cohesive stress exceeds the elastic modulus.
28-29 Blunting of a linear elastic material has been theoretically studied by Hui et al. 19 They showed that blunting has essentially to do with large deformation, and occurs when the cohesive stress σ o exceeds the elastic modulus E. 19 This is because an increase in remote loading results in a tendency for crack tip stress to increase. However, this increase in crack tip stress is mitigated by an increasingly blunted shape. A comparison of the two tendencies yields the condition for blunting. Assuming that the crack deforms in a series of ellipses, the strain hardening can be neglected, and the incremental relation between strain and stress is linearly elastic and isotropic, they found that blunting occurs when the maximum cohesive stress σ 0 exceeds Young's modulus by about a factor of two,
The polyampholyte hydrogel showed non-linear large deformation behaviors, exhibiting yielding or strain softening and then strain hardening (Figure 2) . With the increase of the stretch deformation, the stress concentration at the crack first leaded to yielding around the crack tip due to breakage of weak bonds and then brought about blunting. After the crack was blunted, the polymer chains around the tip were extensively stretched along the tensile direction, in perpendicular to the crack growth direction. Further increase in the deformation led to strain hardening due to limited chain extensibility and then rupture of the polymer chain, by breaking either of the strong bonds or of the covalent bonds of chains. So the crack started to advance in a triangular shape.
As the balance between the tensile fracture stress and the modulus, and the large stretchability should be important for the occurrence of crack blunting for this non-linear soft material, we summarized the blunting behavior in a σ f /E -ε f diagram as shown in Figure 7 . Here σ f and ε f are tensile fracture stress and strain, respectively. We found that when the notched sample was stretched at varied stretching rate, significant blunting was observed when σ f /E was around 2 or higher. When σ f /E was between 0.4 and 2, only weak blunting was observed, regardless of the large ε f . These results suggest that large deformation is not the sufficient condition to cause blunting, and the blunting only occurs when the fracture stress is larger than the modulus.
To confirm whether this conclusion is universal or not, we further studied the tensile and fracture behaviors of the gel at temperature lower than 25°C ( Figure S2 ) and at increased ionic strength of the solvent by adding NaCl (Figure S3) . Reducing of test environmental temperature increases the bond exchange time by suppressing the dissociation of the ionic bonds, and therefore increases the modulus and yielding stress of sample for a fixed deformation rate. On the other side, increase of the ionic strength of the solvent decreases the bond exchange time by suppressing the formation of ion bonds, and therefore decreases the modulus and yielding stress, similar to that of polyelectrolyte complex coacervate. 30 At a decreased temperature, the sample became rigid, showing less significant blunting although the sample still has a large extensibility (data not shown).
At an increased ionic strength, the sample became soft, showing more significant blunting(data not shown). These results are also summarized in Figure 7 and are in agreement with the previously mentioned conclusions. We found that the PDGI/PAAm hydrogel 14 and the alginate/PAAm hydrogel 13 that showed significant blunting also have σ f /E values larger than two, as shown in Figure 7 .
To real at which condition, the blunting vanishes, we further performed the measurement at cooperating conditions of high stretch rate (1.04 s -1 ) and low temperature (5°C). At this condition, the deformation rate is much faster than the weak bond exchange rate, so the sample became very stiff. As shown in Figure S4 and Movie S3, the sample showed yielding and large deformation, with σ f /E=0.29 and ε f =5.6 in tensile test. Furthermore, the sample also showed steady-state crack growth. However, no crack blunting occurred during pure shear test. Also, the stress quickly decreased after it reached a maximum, which is quite different from the previous results for the samples tested at relatively low stretch rate (0.02 s -1 ) and 25°C. In addition, when the sample was dehydrated from a water content of 52 wt% to 26 wt%, it became stiff and brittle even at room temperature.
This sample showed fast breaking from the pre-crack without blunting, as shown in Figure S5 . These results show that when σ f /E=0.3 or less, no blunting occurs, regardless a relatively large fracture strain. These results are in consistent with the previous theoretical prediction for linear elastic solid.
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Crack advancing angle. In the steady state crack growth stage, the crack advances at a constant angle that decreases with the increase of stretch rate (Figure 6b) . The stretch rate effects on the shape of the crack tip can be related to the change in the sample modulus and yielding stress that both increases with the stretch rate. According to a finite element analysis for an elastic-plastic solid, 31 the opening angle at the steady state crack growth θ is proportional to the ratio of the yield stress σ y to the modulus E. Although this result was obtained for very small value of σ y /E (∼ 0.01) values, we found that this relationship is also true for the present gel that has very large σ y /E value (∼ 0.1). As shown in Figure 8 , the θE/σ y of the polyampholyte gel is a constant, independent of stretch rate over a wide range. This means that θ is proportional to σ y /E. Furthermore, λ c1 E/σ y and λ c2 E/σ y are also independent of the stretch rate (data are not shown),
indicating that the critical stretch ratios λ c1 and λ c2 are proportional to σ y /E. These results suggest that in the investigated experimental conditions, the initiation and the shape of steady-state crack growth are governed by the ratio of modulus and the yield stress of the gel. Figure 2 , we know that this gel has a feature of dual crosslinking structure in the observation time scale. One is reversible and temporary crosslinking by weak ionic bonds, and the other is permanent crosslinking by strong ionic bonds. The strong stretch rate dependence of tensile test results (Figure 2) showed that the temporary crosslinker density of weak bonds strongly depends on the observation time. With the increase of the stretch rate, the weak bond crosslinker density increases, giving a strong stretch rate dependence of the modulus E. As the energy required to rupture the sample is mostly use to break these weak bonds, the fracture energy Γ is also strongly depend on the stretch rate (Figure 3d) . So, we intend to relate the modulus E, which is proportional to the effective crosslinker density at the observation time, to the fracture energy Γ, which is the energy dissipated to break the weak bonds at the same observation time. We plot Γ against E in Figure 9 , which shows a power law relationship, Г ~ E 0.53 .
Fracture energy. From the results shown in
We found that the results of Г and E caused by temperature changes (Figure S2 ) or by ionic strength changes ( Figure S3 ) also fall on the same power law relation obtained by the change of the stretch rate, as shown in Figure 9 . That is, Г ~ E 0.53 is valid for all of the three sets of samples tuned with different methods.
However, it should be noticed that this correlation between fracture energy and modulus is only hold when the sample was relatively soft, that is, when the deformation rate is less or not very higher than the inverse of the average bond exchange time τ w of weak bonds.
The data obtained at quite high stretch rate (500 mm/min) and low temperature (5°C) or obtained from sample in dehydrated state deviate far from this power law relation. Under these conditions, the deformation rate is much higher than the exchange time of the weak 
Conclusions
When the stretch rate is not very large (τ w <1), the polyampholyte physical hydrogel P(NaSS-co-MPTC) exhibits a feature of dually crosslinked network structure, showing yielding, strain softening, and then strain hardening at large deformation. The reduced stress vs time obeys a master curve at various stretch rates, similar to the dually crosslinked PVA system. In the pure shear test, the single-edge notched sample shows crack blunting and butterfly-shaped stress distribution above a critical deformation ratio λ c1 . Crack growth occurs above a critical λ c2 with a constant advancing angle. The crack only grows under stretching with the same velocity as stretching, showing no spontaneous crack propagation. Because of the dynamic nature of the weak ionic bonds in the polyampholyte hydrogel, the stretch rate greatly influences the crack blunting and advancing angle, thereby influences the fracture energy. The initial modulus E and the fracture stress σ f of hydrogel both increase with the stretch rate, and their ratio σ f /E, was found to be a key factor to determine the blunting. On the other hand, the crack advancing angle is linearly proportional to the ratio of yielding stress to modulus σ y /E.
The fracture energy has a power law dependent on the modulus in viscoelastic response region (τ w <1). These conclusions are universal, hold for the samples tuned not only by stretch rate, but also by temperature and salt solution.
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